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ABSTRACT

An equilibrium geochemical “ransport model
for mul ticomponant systems, TRANQL, was used to
investigate the effects of geochemical processes
on the transport of contaminants. TRANQL was
used to investigate the seasitivity of cadmium
transport to a range of initial conditions, pH,
compleaxing ligand concentrations, and concentra-
tions of a simultaneocusly sorbing solute.
AqQueous-phase complexation, dissociation of
wa ter, and sorption were tha processes
conaldered. First, the transport of an initial
pulse of zadmium with a constant concentration of
EDTA was sexamined. Second, the transport of an
initial pulse of cadmium and EDTA was simulated.
The e’facts of variations in EDTA concentrations
and pH were investigated. Finally, the transport
of an initial pulse of cadmium and cobalt vas
examined. Results shov a significant coupling
be tween the geochemical processes of complexation
and sorption and mass-transpor:. In cases where
sorption is considered to be an important
controlling reaction the tramsport of a solute {n
mul ticomponent systems is a strong function of
the initial conceatration and distritution of
complexing ligands, pH, equilibrium formation
constants, and tha concentration of a simul-
taneously sorbing solute.

INTRODUCTION

Geochemical transport modaling plays a sig-
nificant role 1u charactericing the macroscoplic
far-field environment aud performance assesscent
of potential nuclesr wascte sto' g¢e sites. The
spacific geochemical processes and the parametar
values coundidered in the modeling affect the
results of these traneport simulations and thus
the predicted performance of a repository. In
particular most transport medels currently used
in nuclear waste storage programs rely solely on
the use of a distribution coefficient to describe
the equilibrium interaction and retardation of a
radionuclide. However, distribution coefficlent
models do not take into account complex geochemi-
cal or mul tisolute resctions and have of tan been
inadequate in simulating observed tramsport.
luplicit in these models is also the assumption
that the solutes being modeled act indepandently
of the bulk solutiocn composition, t.e., the
transport of one particular contaminant does not
depend upon the presance of auy othar constituent
in the systan. Therefore, more sophisticated
multicomponent equilibrium geochemical tramsport
modele have racently been developed (Valocchl
at al., 1981l| Charbenesau, 1981 "ederbarg et al.,
1983). Multicomponent models have the potential
to incorporatea the equilibrium chemical reactions
which way be siguificant in describing and

predicting tramsport such ad aqueous-nhase com-
plexation, ion-exchange, sinul taneous adsorption,
dissociation of water, and precipitatioa/
dissolution. Because contamination sources and
environments at potential nuclear waste
repository sites are in reality multicomponent
solutinns, the application of multicomponant
models to such sites should bs investigated. As
an iopitial step, one such model, TRANQL
(Cederberg et al., 1985), was used to lnvestigate
the effacts of geochemical processes on the
transport of a sorbing solute, cadeium, in a mul-
ticomponent systam,

The principal objective of this paper is %o
attempt to snswer the question, '"does including
cooplex chemistry in transport models make a
difference/", i.a., what i{s the impact of various
geochemical processes and paramatar values on the
transport of a soluta in a multicomponent cystam.
In the sections that follow, first, the
geochemistry considered in the simulatinns is
described. Second, a4 general outline of the
model, TRANQL, 1s given. Finally, the effects of
changas in initial conditions, complexing ligand
concentration, pH, and siuultaneocusly sorbing
solute toucencrations are detailled.
Aqueous-phase complexation, dissoclation of
water, and sorption were the geochemical
processss consideved. Froa these examplas it can
be concluded that a significant coupling between
the geochemical processes of complexation and
sorption and wmass-‘transport exists. Further in-
vestigations shoul! continue In applying this
model to radionuc)iie transport at potential
oucleay waste rupoaitory sites in order to
validate or invalidate the ise of distribution
coefficient tramsport acdals.

MODEL DESCRIPTION

TRANQL {s tha model used for the simulations
in this peper (Cederberg et al., 1983). In
TRANQL the equilibrium intsraction chemistry is
posed independently of the muss transport equa-
tions, which lesds to a set of algebraic
equations for the chemistry coupled to a set of
differential equationa for the mass tramsport. A
solution s found by iterating betwean the two
equation sets. The mass transport equations are
solved using the Galerkin-Finite Element Method
with an implicit time-stepping scheme and the al-
gebraic chamical equation set is solvcd using the
Newton-Raphson Method.

The equilibrium interaction chemisiry con-
siderad here as a model system and shown {in
Table 1 includes scrption, complexation, and dis-
sociation of watar. The partitioning of spacles
hased on thesa chemical reactions depends



upon a varisty of physical and chemical condi-
tions such as tesperature, pH, the bulk solutien
composition, tha type and number of sorption
sites, and tha respective concentration of esach
spncies in the system. The set of components
vhlfzq_ conbﬂo to form nlk_lpoclun is defined as
(C4® ", Ca”™", HCO,, EDTA , SOH, H ) where SOH i3
the :total nunglr of oorption sites 1in
moles/liter.

The value of the binding coefficient, K, _,
for the sorption reaction of cadmium is a !ukg-
tion of pH. Thus, two values of log,.K are
given in Table 1. The values of K '}P. lt%l.cu-
lated from data taken from l.lbol!'gr.ory batzh
exparipents (Leckiu at al., 1983). The aquifer
matarial used in the expsriments case from s cal-
carsous, sandy, unconfined aquifer naar
Borden, Ontario, Canada.

To solve the set of chemical equilibrium
squations for the eighteen apecies a computer
code, MICROQL (Westall, 1979), is used. The in-
formation required from MICKOQL for imput into
the transport equations aftar the concentrations
of all species are calculated iea the total
aqueous concentrations of all components. For
example, Cd (the toﬂ_l amount oE_cAdmlum in the
aqueocus phiBa)e [caT |+[CAEDTA | +[CAHEDTA" |+
l"dHC03]+lC‘d0H ].

For one-dimensional flow in a homogenaous,
isotropic porous medium the fundamental transport
equatious in TRANQL are the following:

2
a(c,.) d3°(c, ) a(c, )

— . b, zﬂ Loy A t=1.. N (1)
at 3% bx

whera N = numbar of components (=6), (C )i- total
(aqueoud + sorbed phasa) conccntnuo'g of com-
ponent 1, (CAQ)I. = aqueous phase concaentration of
compounent 1. 7D’ = coefficient of hydrodynamic
dispersion. and v = averasge groundwatar velocity.
Instead of formulating the transport aquations
around the mass balance for each species in the
aqueous phase, the transport equations have been
written around the mase balance for the total
concantration of each component. This formula-
tion allows the interaction chemistry to be posed
independently of the mass transport equations and
coupling of the two sets in a preacise manner.
The time derivative of the total component con-
centration is a function only of the transport by
advection and dispersion of the total aquaocus
component concentration. The (CA ), s are deter-
nined from the solution of %iCROQL. the
equilibrium chemistry aquation sat.

The final set of mass-transport aquations is
a system of diffarential equations (in this ex-
ample two equations). The final set of
squilibrium chemistry equations is a system of
algebraic equations (here eighteean equations).
After initlalising the system to equilibrium,
Eq. 1 can be solved directly for (EDTA,) because
(EDTA_)=(EDTA, ). Solution to Eq. 1 tdr the non-
conservative %onponnnt, (Cd_ ), is found by
ftacating betweaan the two quTntlon sets unt!)
some prescribed convergence tolerance ias met for

the nonconsarvative corponent. 1t is assumed
th,_; r.hlt_conccntntlog of the other components,
G, HCOs, SOH, and H , remain coastaut.

—_— ——— ——  ————— —— —— ———1}

Reactions Species log; ok
1 ¥ o ca* 0
2 Ca?* = ca? 0
3 W03 = NBCOy 0
4 EOTAY" - mDTAt" 0
s S0H = soH 0
6 - 0
Coaplexation
7 st + b - 6.16
] ARt 4 EDTAY" = W EDTA 10.26
9 ca?* + PPTA'" o cdEDTA” 13.78
10 ca?* 4+ Bt + DTAY" - canzoTA” 18.50
n ca?* + mco3 = cdnco} 1.92
12 ua?* + BoTAY" = camoTA?” 10.52
13 ca? + it + DAY = camxoTA” 13.00
14 Ca?* + §CO3 = CancO} 0.92
15 ca2 - gt + 40 = cdon” -10.28
16 Ca?* - * + 50 = CaoH' -12.78
Dissociation of Water
17 -i* + 40 = ob” ~13.9;
Sorprion
18 ca? + sou = cavon 3N - s
e — f————————

Table 1. Chamical Reactions for the cad mium/EDTA
systam,

EFFECTS OF GEOCHEMICAL PROCESSES

TRANQL was used to investigate the san-
sitivity of cadmium transport to a range of
fuitial conditions, complexing ligand concentra-
tions, pH, and concentrations of a simul taneously
sorbing solute. For all the sinoulations in this
paper the multicomponent geochemical parametar
values and the physical paramater values are the
same and held constant. The gevchemical system
considered ia described in Table 1. Flow was in
one dl,unllon with v = 0.10 m/day and DL n
0.006 n“/day.

Effact of a Constant Initial EDTA Concentration

The effect of three different constant EDTA
concentrations on the transport of an inlitlal
pulse of cadmium \ulz_énvugluud. The total
concentrations of Ca" ,HCO ., SOH, and pH are
held constant throughout the l-’huh tions in order
to isolate the effect of tiie constant ECTA con-
centration on the transport of cadelum. AL time
t =0, a pulse of Cd_. is placed in the system
which is then lll‘llld to ba at chemical
aquilibrium. Thn!hdut“cn: constant ggnc-ntu-
tions of EDTA (10 ', 10 ~, and 2.3%1x10 M) vere
used in the simulations. The three respective
inftial 4 distributions are gliven in Figure 1.
The boundnw values are taken to be those at the
extremes of the initial distributions. For
numerical purposes the background lavel of Cd was
assumed to be two orders of magnitude smaller



than the peak concentra*ion value of the input
pulse. Constant aqueous background concentra-
tions for all components were used as the
boundary conditions at x = -1.375 m. The center
of the pulsc was assigned x = 0 at t = 0,
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Figure 1. Initial Ci/conatant EDTA syatam.

For each initlal concentration of EDTA &
different CdA concentration exists. In Figuve 1
it shows the aorc EDTA {n the aystem the moTe
caduium complexes with the EDTA and remains in
the aqueous phase. A two-order-of-magnitude
decrease iu EDTA concentration rerults {n a
two-order-of-wagnitude decresse irn Cd . Seo
while the initial concentration dll\;rlbﬁglun of
total cadmium, Cd,., is the same in all three
cases, the CAA dlxu‘lbutlon is quite different.
The differance 9! dua to the amount of aqueous
cadmium complexation which in turn is based on
the chemical reactiona and formation constants
listed in Table 1.

TRANQL was run to sinulate a real time of 40
days. A time ostep of 2 hr and nodal spacing of
0.2 m ware used in the simulations. Figure 2
shows the results of ‘ha three TRANQL simula-
tions, each with a different fofitial
concantration of EDTA. The .otal concentration
of aqueous cadmfum, Gd,  , ie plotted as a fune-
tion of distance for “ch EDTA concentration.
The differeances in the initial distributions of
Cd resul ted in marked differances in the
ul\.ﬂu of the transport simulations. When EDTA
{s at {ts maximum value more cadmuium coaplesss
with the EDTA, romains in tha aqueocus phase, and
tharefore 1is transported further in the
x-d irection, Whern EDTA is at Lfts uiniuum valus.
only 2X of the cadmium remains in the aqueous
phase, 98X of the cadmium (s {mmediataly sorbed
and virtually no cadmium is transported iu the
u-direction,
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Figure 2. The effect of constant EDTA on (‘dAQ.

Effect of an Initial Pulse of EDTA

Instead of a constant concentration of EDTA
a pulse of C4, end EDT is placed in the system
at time t = Four different concentrations of
EDTA in the loput pulse «ere used. To refarance
the simulations back vo the varying initial con-
centrations of EDTA a notation which specifias
each case is listed in Table 2. Casaes
EDTA(la)-EDTA(4a) wera used in th’s section to
sinulate the transport of a pulse containing EDTA
and Cd. C-.ees EDTA(Llb)-EDTA(4D) were used in the
next section to investigate the effect of pH on
the transport of Cd. Tna initial diatributior of
ce for Cases ED1IA(la)-(4a) is shown in
Hﬂngo 3. Ioitially, with more EDTA in the sys-
tem more Cd also exite. A
two-ordcr-et-ngnltu‘dg difference in peak con-
ceantration of EDTA rerults Iin a 30% decreasae in
the initisl peak concentration.

AQ
Case Peak(M) / Background(M) pH
EDTA(ls)  2.51x107¢ / 2.31x1010  7.97
EDTA(2e)  2.01x10;° / 3.01x10] 7.97
EDTA(3a)  1.0x107, / L.GxlO_/ 7.97
EDTAC4a)  L.0x10™% / 1.0x10 7.97
EDTACID)  2.51x007% / 2.51x1078  7.46
FOTA(ZD)  3.01x10;% / 5.01x10; 7.46
EDTA(3b)  L.0xlO) / 1.0x10_/ 7.46
EOTA(4b)  L.0x10™% / 1.0x10 7.46

Table 2. EDTA Concentrations used in cadmium/
EDTA simulations

Pigure 4 shows the results of fou: TRANQL
simulations, eaach with a dAifferent initial pulse
concsntretion of EDTA. Whan the peak concentra-
tion of KDTA is a wmaximum [Case EDTA(4a)], most
of tha cadmium {9 complened with the EDTA and
therefora remains in the aqueocus phase. In this
case crdmius be ‘aves in a sanner similar to that
of EDTA, the conaervative component, As tha
initial peak EDTA concantration decreases, more
and sore cadmium adsorbs to the porous medium due
to the decrease in cadmium complexation, A
two-order-n{-magnitude dacrvase in peak EDTA



concentration [Case EDTA(4a) to EDTA(la)] results
in more than an order-of-magnitude decrease in
the maximum coserved concentration of cadmium.
As the peak EDTA concentration decreasas, cadmium
becomas more ¢nd more immobile and the concentra-
tion distribution becomes asymmstric.

1 1 L T 1
ReLATIVE
EDTA
1 1 1 ) 1
o R T T MBI
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Figure 3. Initlial Cd/pulse EDTA systam.
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Figure 4, The effect of pulse EDTA on FA,
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The asymmatry in the cadmium dis'ribution
can be attributed to the changing speclartion
everywhare in the system over Lime and the
fnitial pulse distributlon orf EDTA. The relative
brosdening and asymmetry of the C4 cuTves was
not seen in the siwulations wﬁgn EDTA was
constant, The asymmetry has baen shoun te result
from the initial pulase distribution of EDTA and
(4 and the eavear-changing degtea of geochemlcal

complexation, speciation, and sorption occurring
everywhere in the systam (Cederberg, 1985).

The Effect of pH

For the cadmium/EDTA system (see Table 1)
the formation or binding coafficient, K _, for
the sorption reaction is an implicit functlon of
pH. As the pE increases, sc does the value of
the binding coefficient. Therefore, cases
EDTA(1b)-EDTA(4b) were simclated to imvestigate
the effect of pH on cadmium transport. For
direct comparison the concentration of CdA for
Cases EDTA(1lb) and (la) and EDTA(4D) and (h? are
shown in Figure 3 for t = 40 days. Whan the pH
is lower the cadiaium is more mobile and
transported further. The effect is moat notice-
able when the paak EDTA concentration is lowest
[Cases EDTA(lb) and (la)]}. 1In this case the
decrease in pH results in a 75% increase in the
observed maximum cadmium concentration. The coti-
plaxation of the cadmium with the EDTA overwhelms
any change in cadmium concentration due to a
change in pH. There is little noticeable change
between the cadmium concentrations when the EDTA
pusk concentration i{s a maximum [Cases EDTA(4a)-
(4b)]. Bercause the binding coefficlent has a
lower valua at a lower pH, the cadmium will bind
less strongly with the porous medium and the EDTA
will compate for the cadmium more strongly.

1 T M L] 1 1

RELATIVE ‘/\r; 40 Days
EDTA
0 4 L A

4
DisTance ()
Figure 5. The effect of pH on Cd

AQ’
The Effect of Cobili

More than una reactive component s often
found in contaminant systems. A second component
may or may not compere with the first component
for specific complexing lizands or sorption
slitas. To investigate the affects of the
presence of a sacond sorbing component TRANQL was
used to smimulate the transnort of cedmium and
cobalt. The additional chemical resctiono tuv the
cadmium/cobal t/ELTA systam are listed in Table 3,
Tha complete system of reactiona includes all
those reactlons from Table 1 plus those reactiuvis
specific to cobalt, 1In this set of veactlons
cobait forms complanes similar to those of
cadmium, The values of the binding coe.ficlents
for cadmium aund cobalt in a system togethur ware
found by batch experiments.

The trausport aquation sel Vuv the
cadmium/cobal t/EDTA system contalns une cansgiva-
tive transport equation for EDTA avy two



nonconservative transport equations, one each for
the components, cadaium and cobalt. The physical
parameter values used in the simulations sre the
same as those of the previous section. The
initial and boundary conditions are also similar
in value; however, here pid = 7,46 and SOH_, =
0.204 M. PFor this inves.igation a pulse of cad-
mium, cobalt, and EDTA is input while the
concentrations of the other components ara haeld
constant and remsin at the values described in
the previous sections.

Reactions Species loglok
19 co?t w et 0
20 co?t + EDTA®” = CoEDTAY” 15.58
YRR 4- -
21 co?* + H" + EDTA®" = CoHEDTA 18.40
22 co?t + HCO] = CoHco; 2.72
23 co?t . Wt o+ H,0 = CoOH -9.88
Sorgtton 24
74 co? + soH = cosoH 3.0
pH=7.46
(18) ca? + son = cason 3.6

Table 3. Additional chemical reactions for the
cadmium/cobal t/EDTA system.

Simuiations wore run with two dL!!u:q;n. peak
concu_"l,tntlonl of total cobalt (Co_ = 10 7 M ard
= 10"’ M) present. Figure 6 shdws the initial
distributions of EDTA.,, Cd,, and Co... Case Col
(represented by the dottId H.:,e) rIprcuntl the
sioulation vhere Co, = 10" ' M. Case Co2
(represented by the lTﬂldslinc) represents the
simulations where COT =107 M. Figure 7 ahows
the foitial distributions of and COA after
chepical equilibrium have been -t&lncd. gocnuu
the Cd and Co competa for EDTA and sorption
sites, the presence of a lovwer inftial concentra-
tion of Co. (Casa Col) results in a higher
conccntutio;{ of CAA after the system cowmes tn
equilibrium. As q‘.hn cobalt concentration
decreases, less cobalt complexes with EDTA aund
more vadmium complexes with the FDTA. Thus, less
cadmium {s available to sorb and the Cd
increases. From these initial conditions oﬁg
would aexpect Cd to he trausported further and at
a thu concentration for the cass where Co_ =
10" M. T

Figuie B shows the results of two TRANQL
nlmulltlonn_ghnn the lnltlul_epuak values of
EDTA_ 19 10 M and G4, ie 1O M. As the con-
C.I‘Ithl tion of cobalt lncqul, the concentration
of Cd decreases. The difference in Co con-
coh:erton has a significant eaffect on the
transport of cadmium. Although 4 inftially
18 highar when Co, is lower, the dlﬂcnnu in
the two Gl dh‘rlbutlonl increases with time,
Initially ﬂuo was approximately a 40X dif-
ference in the Cd peak value. At the end of 40O
days an ordcr-o(-“gnltudl ditferance in the peak
concentration of 'JdA axists.

Q
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SUMMARY

Results show 4 significant coupling betwesen
the geochamical processes of complexation and
sorption and mass-transport. In cases whare
sorption is considered to be an important
controlling reaction the trausport of a solute in
multicomponent systums L) & strong function of
the initial concencration and distribution of
complexing ligands (here EDTA), equilibrium for-
mation conatants, pH, and the concentration of a
simul taneoualy sorbing soluta. In the presence
of a conservative complexing comgonent such as
EDTA the mobllity o: transport of cadmium in-
creased significantly as the coacentration of
EDTA incressed. A two-order-of-meenitude in-
crease in EDTA resulted in an ordet-vf-megnltudae
increase {n the predicted maximum concentration
of ayueous cadmium. Whan EDTA was coustant, the
A curvas .etained their symmetry. Howavar, in
cnﬁgl where a pulse of EDTA was input the Cd
distributiona “ecame asymmetric and llgnlflcnn:fs
broadenad. Thus, tha .nitial dintributions and
concentrations of all componunts in the system
may effect the transport of a sorbing soluta. As
the pH decreased and the corresponding binding
coafficient dacreased, the transpoert of cadmium
increased. When the EDTA peak concentration was
a mini{pum, the decrease in pH resulted iv a 752
increase in the predicted maxinum Cd
concantration. Howevar, whan the peak conccnt:ﬁg
tion of EDTA was a maximum, the change

io pH had little effect on cadeium transport.
Finally, as the concentration of a second sorbing
component ,cobalt, was increased, the transport
of cadmium respectively decrensed. A
tvo-order-of-magnitude increase in cobaltc
resul ted icr a 50X decreaase in the CdAQ
concentration.

The specific results from these simulations
are a fun.tion of the set of reactions con-
sidered, the components present, and the
equilibrium formation coefficlents. However, the
results do represent trend. ome might observe in
ground-vater contamination systems which concern
the transport of {inorganics in a multicosponent
systam. Troa the viewpoint of nuclear waste dis-
posal programs the results of these calculations
raise mevaral important quastions. First, what
is the effect of multicomponent complexation and
sorption on mass-transport and thus performance
assessment at potential nuclear waste repository
sites? Second 4if models such as TRANQL are
needed are the necessary data being gathered in
order to use thege models? Finully, how valid is
the application of distribution coefficient
models to pred.ict transport at repository sites?
Further {nvestigstions are continujug in order to
ansvwer these questions.
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